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The controlled fabrication of mesoporous inorganic materials is an area of burgeoning interest because of their important applications as selective membranes, next-generation catalysts, and photonic materials. In 1993, Monnier et al.
(1) reported the formation of mesoporous silica by using surfactant templates (MCM materials). This approach has allowed access to various mesoporous structures but generally involves multistep processes and does not allow simple production of large-area continuous films (2) . Nonsurfactant templates, such as block copolymers or complex sugars, have also been used, but these processes again either involve multistep preparations (3), long processing times such as drying for 15 to 20 days (4), high calcination temperatures (between 400°to 800°C) (5), or some combination of the above. We have produced porous and relief ceramic nanostructures from self-assembling (template-free) block copolymer precursors, with a one-step, low-temperature technique. By careful selection of the relative volume fraction and phases, block copolymers can be used to produce precursor materials with a vast range of different symmetries and structures that allow nanostructures with highly ordered and complex pore or strut structures to be prepared (6) . In addition, pore sizes, feature sizes, and spacings are also readily tailored either through blending of one or more homopolymers with the block copolymer or through control of molecular weight. A bifunctional oxidation process was used to both selectively remove a hydrocarbon block and convert a remaining silicon-containing block to a silicon oxycarbide ceramic. The resulting ceramic materials are either nanoporous [three-dimensional (3D) connected pores] or nanorelief (3D connected strut networks), depending solely on the volume fraction of the hydrocarbon block relative to the silicon-containing block in the block copolymer precursor.
The formation of porous and relief nanostructures was accomplished by using two triblock copolymer precursors with compositions chosen to exhibit the double gyroid (7) and inverse double gyroid morphologies (space group Ia3d) (Fig. 1 ). This morphology was chosen because it allowed the production of intricate ceramic nanostructures with periodicities in three dimensions that are not obtainable by conventional lithographic techniques because of the small size and complexity of the patterns formed. The materials are triblock copolymers of the type A 1 BA 2 , where A is polyisoprene (PI) and B is poly(pentamethyldisilylstyrene) [P(PMDSS)] (8, 9) . One material has a composition of 24/100/26 (kg/mol) and forms a double gyroid morphology of PI networks [volume fraction of PI ( PI ) ϭ 33%] in a matrix of P(PMDSS) [referred to as the P(PMDSS)-DG] and is a precursor for the nanoporous structure. The other material has a composition of 44/168/ 112 (kg/mol) and forms the inverse double gyroid morphology of P(PMDSS) networks [ P(PMDSS) ϭ 51%] in a matrix of PI [designated PI-DG] and can be converted into a nanorelief structure.
Samples of the triblock copolymers (1 mm thick) were cast from toluene and cryomicrotomed at Ϫ90°C. The approximately 50-to 100-nm-thick sections were then picked up either onto 600-mesh Cu grids or onto ultrathin amorphous carbon films on 100-mesh copper grids, and the PI blocks were preferentially stained in vapors of a 4% osmium tetroxidewater solution for 2 hours. These sections were then characterized in the bright-field mode with a JEOL 2000 FX transmission electron microscope (TEM), operating at 200 keV. Imaging of the unannealed, as-cast material revealed that highly ordered microphase separation occurs in this system even without annealing. Annealing the 1-mm-thick samples for 1 week at 120°C resulted in single grains that were several tens of square micrometers in area. Unstained sections of P(PMDSS)-DG supported on the carboncoated Cu grids were exposed to a flowing 2% ozone atmosphere for 1 hour at room temperature. The PI-oxidized fragments were then removed by soaking the samples in deionized water overnight and the samples were examined by TEM.
Experimental TEM images of the double gyroid morphology for the P(PMDSS)-DG sample are oriented such that the viewing direction is approximately [110] . In Fig. 2A , the PI networks are preferentially stained with OsO 4 and appear darker than the surrounding P(PMDSS) matrix, whereas in Fig. 2B , the PI networks have been removed and appear lighter than the matrix, resulting in an inversion of the image contrast (10) . The image periodicity of the ozone-treated sample is approximately the same as that of the unetched sample. The program TEMsim (11) was used to simulate a projection of the morphology shown in Fig. 2C by assuming that the intermaterial dividing surface (the locus of largest gradient in sample composition), which defines the microdomain structure, can be approximated by a member of the gyroid levelset family of surfaces with Ia3d symmetry and appropriate (34%) network volume fraction (12) . The good correspondence of the TEM image ( Fig. 2A) and simulation ( Fig. 2C ) is evident and allows the PI network strut diameter to be estimated as 20 nm. The specific surface can be estimated by using a level-set surface structure with 34 volume percent network component by computing the area per crystallographic unit cell using TEMsim and then scaling the dimensionless area S/V 2/3 to the actual size of the block copolymer unit cell. Small-angle x-ray scattering gave a d 211 spacing of 49 nm, which yields the unit cell parameter as 120 nm. The interfacial area per gram of the nanoporous P(PMDSS)-DG material can thus be estimated as 40 m 2 /g, which is an order of magnitude less than that of common zeolites but quite high for a mesoscopic structure with a much larger interconnected pore size. Similarly, we can estimate the interfacial area per gram of the inverse double gyroid to be 36 m 2 /g based on the d 211 of ϳ62 nm (from small-angle x-ray scattering) and the network volume fraction of 0.48.
Large-area nanoporous or nanorelief ceramic thin film samples (700 nm thick) were produced by spin-coating polymer solutions (4 to 6 weight %) in toluene at 4000 rpm onto Si(100) wafers coated with native oxide. Because these films have thicknesses much greater than the unit cell of the polymer, the bulk polygranular DG morphology was obtained for each copolymer. The spin-cast films were annealed for 2 days at 120°C and exposed to a stronger oxidation condition, which consisted of exposure to flowing 2% ozone atmosphere and 254-nm ultraviolet (UV) light (13) simultaneously for 1 hour (ozone ϩ UV) and then soaked in deionized water overnight. Upon exposure to an oxidizing environment [either ozone and UV light or to an oxygen plasma (14) ], the PI was removed and the silicon in the P(PMDSS) was converted to silicon oxycarbide.
The nanoporous and nanorelief morphologies of the spin-coated block copolymers subjected to ozone ϩ UV were studied by atomic force microscopy (AFM) in an intermittent contact mode. Two types of structures were revealed. For the P(PMDSS)-DG, the PI networks have been selectively removed and the P(PMDSS) matrix converted to silicon oxycarbide to give an interconnected tortuous air network (Fig. 3) in a ceramic matrix that corresponds well to the feature sizes in the TEM micrographs of Fig. 2 . Conversely, in the PI-DG sample, the PI matrix has been selectively Fig. 1 . Schematic of the crystallographic unit cell of the double gyroid morphology. The structure consists of two interpenetrating three-dimensionally continuous networks of the minority component, which are shown in green and blue to help in visualization. The networks are composed of cylinder-like connectors aligned along ͗110͘ directions joining in threes at nodes. There are 16 triple junction nodes per unit cell. For the P(PMDSS)-DG morphology, the networks are composed of PI and the matrix P(PMDSS), whereas for the inverse double gyroid morphology, PI-DG, the reverse is true. The figure was generated by surface rending with a visual programming system (VPS). removed to leave ceramic network struts to be imaged (Fig. 4A) . This results in an inversion in the height contrast as compared with Fig. 3 because the networks rather than the matrix remain. Computer simulations of both porous and relief double gyroids were made using the hybrid volume/surface rendering component of TEMsim. The porous ceramic structure has a morphology similar to that of the double gyroid morphology viewed along the [012] direction at zero height (Fig. 3) . Various areas of the relief double gyroid ceramic networks correlate well with simulated surface regions that have slightly different levels within the unit cell (Fig. 4B) .
Ellipsometry, x-ray photoelectron spectroscopy (XPS), and Rutherford backscattering (RBS) studies on the P(PMDSS) homopolymer system (38 kg/mol) show that these oxidation conditions promote the conversion of the silicon-containing block to an oxycarbide (15). After exposing the P(PMDSS) homopolymer to ozone ϩ UV for 1 hour, the refractive index changes from 1.56 to 1.42 (equal to that of SiO 2 ). The Si2p peak in XPS of the homopolymer shifts from 100.7 eV, which is the binding energy of Si in a hydrocarbon environment, to 103 eV, the binding energy of Si in SiO 2 (16). RBS confirmed that the stoichiometry of the film changed from that of P(PMDSS), Si 1 O 0.7 C 7.7 H 11.3 , to a silicon oxycarbide with a stoichiometry of Si 1 O 1.6 C 0.9 H 1.6 .
The ceramic that forms after oxidation should preferably exhibit high-temperature chemical and dimensional stability. After holding the ceramic film at 400°C for 1 hour in a nitrogen atmosphere, the film appears unchanged with only a slight decrease (Ͻ1%) in the refractive index and film thickness as determined by ellipsometry. In order to determine whether or not annealing changed the chemistry of the film, chemical analysis was performed by Auger election spectroscopy. The atomic concentration and kinetic energy profiles for P(PMDSS) after exposure to ozone ϩ UV and after annealing to 400°C for 1 hour in nitrogen are nearly indistinguishable. Indeed, after the 400°C anneal, the time to sputter to the interface remains the same (ϳ2.2 min). In contrast, the untreated homopolymer film cracks and degrades at ϳ300°C to create a nonuniform and mottled surface (17). Thus, the low-temperature ozone ϩ UV process produced an inorganic oxide with thermal stability properties far superior to those of the parent homopolymer (18). Because P(PMDSS) has been converted to a stable ceramic, the network struts in the nanorelief structures and matrix in the nanoporous structures will be stronger mechanically compared with the nonceramic struts that are left behind by ozonolysis alone, as in the case reported by Hashimoto et al. (19) and Lee et al. (20) for a nanoporous polymer structure.
In the search for routes to nanostructured materials, the process reported here is significant not only because of the type of materials that are attainable but because of the simplicity and versatility of the method: Large area, conformable, and continuous films and coatings can be produced; the precursor is an easily processible polymer; the nanostructures form by self-assembly without the need for a template; and the oxidation is done at room temperature with inexpensive equipment (21). The resulting class of materials could be used for applications where high-temperature stability, solvent resistance, or both are required. For example, the P(PMDSS)-DG could be used as high-temperature nanoporous membranes with tailorable monodisperse interconnected pores with the added advantage that the redundancy of the interconnected pathways characteristic of the double gyroid structure substantially decreases the likelihood of the membrane being clogged by the filtrate (22). By varying the molecular weight, a range of pore sizes and specific areas can be obtained, presenting opportunities for separation and catalysis applications where larger component molecules are involved. Moreover, the ability to form continuous conformal coatings with high specific surface area presents opportunities for novel hightemperature catalytic applications. The ceramic network structure derived from the PI-DG copolymer has potential use in interconnects because of its low dielectric constant, high-temperature stability, and the inherent etch selectivity of this material to photoresist (23). These periodic and interconnected high dielectric/low dielectric ceramic/air structures also have potential as photonic band gap materials (24). ature ozonolysis and UV process. Exposure to an oxygen plasma converts the P(PMDSS) to SiO 2 but the directionality of the plasma etch is problematic for the 3D double gyroid structure. A plasma asher that does not contain a forward bias or the use of higher gas pressures in the oxygen reactive ion etcher are ways to reduce the directionality of the plasma process. 15. P(PMDSS) homopolymer was spincast from a 5 wt% solution in toluene onto Si(100) wafers. The solution was directly filtered onto the wafers by using a syringe equipped with a 0.2-m filter. The samples were then annealed in a vacuum oven at 60°C to drive off excess toluene. The resulting thickness of these samples was 200 nm as measured by profilometry. The samples were then exposed to the same ozone ϩ UV process (see above A scanning tunneling microscope (STM) was used to manipulate the bonding of a carbon monoxide (CO) molecule and to analyze the structure and vibrational properties of individual products. Individual iron (Fe) atoms were evaporated and coadsorbed with CO molecules on a silver (110) surface at 13 kelvin. A CO molecule was transferred from the surface to the STM tip and bonded with an Fe atom to form Fe(CO). A second CO molecule was similarly transferred and bonded with Fe(CO) to form Fe(CO) 2 . Controlled bond formation and characterization at the single-bond level probe chemistry at the spatial limit.
The ability to control chemistry at the spatial limit of individual atoms and molecules provides insights into the nature of the chemical bond and reactivity. As a step toward the realization of this goal, it is necessary to probe the properties of individual molecules and manipulate and alter their chemical composition.
The scanning tunneling microscope (STM) has been used to move and position single atoms (1-3) and molecules (4) . The tip of the STM catalyzes surface reactions (5). Electrons tunneling through the electronic states of a molecule adsorbed on a surface also couple to intrinsic molecular motions such as rotation (4, 6) and vibration (7, 8) , leading to the possibility of inducing chemical transformation in the molecule. Dissociation of single molecules has been accomplished on both metal (9) and semiconductor (10) surfaces. Although bond cleavage is central in chemical reactions, understanding the reverse process of bond formation, albeit a more difficult one to accomplish experimentally, is equally desirable.
Here, we used a low-temperature STM in an ultrahigh vacuum (11) to form a single bond and to characterize the reactants and products with spatial imaging and vibrational spectroscopy. Starting with a clean Ag(110) surface at 13 K, individual Fe atoms were first evaporated onto the surface, and then CO molecules were coadsorbed from the gas phase. We limited exposures of Fe and CO to yield coverages of ϳ0.001 monolayer to circumvent interactions between coadsorbed species. With the STM, a single CO molecule was bonded to an Fe atom, thus making an Fe(CO) molecule on the surface. A second CO molecule could then be added to form Fe(CO) 2 . The reactants and products were identified by their distinct STM images and vibrational energies.
The controlled formation of a Fe-CO bond with the STM consisted of a series of systematic steps (Fig. 1) . The STM feedback remained on throughout the process. After taking a topographical image of the surface at 70-mV sample bias and 0.1-nA tunneling current, we positioned the tip over a CO molecule (Fig. 1A) (Fig. 4) . The sizes of the circles are scaled to the atomic covalent radii. The polycrystalline tungsten tip is sputtered and annealed before use; physical contact is made with the Ag surface to further condition the tip. (A) The tip is positioned over a single CO molecule to induce the detachment of CO from Ag and its bonding to the tip. Because CO forms a bond predominantly through the carbon, a 180°rotation of the CO occurs in the transfer. 
